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Abstract 
This perspective article focuses on the recent advances in the rational design of catalyst 
for NH3 decomposition at different length scales, from catalyst nanoparticles to reactor 
design. For an overall optimum performance, all scales should be optimised in a 
concerted manner. The study of the mechanism of reaction has given guidelines for the 
catalyst design. As far as reactor design is concerned, a structured reactor is beneficial 
for this reaction because minimises the inhibiting effect of produced H2, besides other 
inherent advantages. This holistic optimisation of catalysts, it is expected to pave the 
way for application of NH3 as H2 storage media. 
 
1. Introduction 
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Recently, there is a growing interest in ammonia as an H2 storage medium to produce H2 
to feed small-scale fuel cell in some niche applications(1). Ammonia has a high 
hydrogen content (17.7 wt%) and it can be conveniently stored in liquid form at room 
temperature and low pressure (6 atm). Alternative ammonia sources both in liquid and 
solid form have also been proposed to generate H2 such as urea(2) or metal ammines(3). 
Thus the safety issues concerning its storage and handling are well established (4). 
More importantly, the product stream (hydrogen/nitrogen) is CO-free and unconverted 
ammonia can be reduced to less than 200 ppb by means of a suitable adsorbent. 
Therefore, H2 stream can be fed directly to a fuel cell without further purification steps, 
which are needed in H2 generated from hydrocarbon reforming. To release H2 contained 
in NH3, there is a need of developing robust catalyst active at low temperatures. 
The conventional methodology applied for catalyst optimization is usually based on a 
heuristic “trial-and-error” approach which results, at best, in slight or incremental 
improvements of its performance and it is very laborious and time-consuming. 
Currently, a new paradigm of rational catalyst design is emerging with the advance in 
theoretical understanding and the development of computational power. This approach 
is based on a multidisciplinary combination of new advances in synthesis, 
characterization, and modelling with the ultimate aim of predicting the catalyst’s 
behaviour based on chemical composition, molecular structure, and morphology. 
Given the multicomponent nature of an heterogeneous catalyst, it is necessary to bear in 
mind that its overall performance depends not only on the contribution of the active 
component, but also on other factors such as the interplay between the catalytically 
active species and the surrounding environment, and the type of chemical reactor where 
the process is carried out. Therefore, rational catalyst design must span over multiple 
levels of complexity and length scales. It is no sense to have an optimized catalyst at the 
molecular level if it is used in an inefficient reactor or reaction conditions. In most of 
studies, the catalyst optimization addressed only one or two levels of length scale. 
In an attempt to give an holistic perspective, this article focuses on the recent advances 
in the optimization of NH3 decomposition catalyst at different length scales, from the 
catalyst nanoparticles to the reactor design. A critical perspective will be given to the 
conditions in which the catalysts are tested. The feedstock composition (NH3 
concentration, presence of H2) are sometimes far from real conditions needed to 
generate H2 stored in NH3 to feed a fuel cell. The feed composition has a dramatic effect 
on the ammonia conversion as it will be shown. Likewise, the results can be misleading 
if catalysts tested under different feed compositions are compared. It is expected that 
this review paper will guide researchers in the rational design of catalysts for NH3 
decomposition. 
 
 
2. Optimization of active phase composition and size 
2.1.Optimization of metal nanoparticles composition as a function of gas 
composition 
Ammonia decomposition is known to proceed by stepwise dehydrogenation followed 
by recombination of two N or two H to form N2 an H2, respectively. There is a general 
consensus that the binding energy of N on a metal surface is a good descriptor for 
ammonia decomposition(5;6). The binding energy of the nitrogen atom to the surface 
must be strong enough for dehydrogenation of the NHx species to occur, but sufficiently 
weak that the nitrogen recombines to desorb from the surface to complete the catalytic 
cycle. This trade-off leads to a volcano-type relationship between nitrogen binding 
energy and ammonia decomposition activity (figure 1). Ru has the optimal heat of 
chemisorption among single metals. However, its expense and scarcity make it 
prohibitive for large-scale commercialization. Thus, alternative catalysts based on 
cheaper metals should be developed. Another aspect to take into account is that the 
optimum catalyst composition depends on the NH3:H2 composition in the feed as 
observed by the shift of volcano plot in figure 1. For high NH3:H2 (e.g. 99% NH3) the 
peak position is between the nitrogen binding energies on Ru and Ni, while a decrease 
in the NH3:H2 ratio results in a shift of the peak maximum to the left towards stronger 
nitrogen binding energies, i.e. towards Fe. This is also the reason why the optimal 
catalyst for ammonia decomposition is not identical to the optimal catalyst for ammonia 
synthesis(5). It should be also taken into account that in a real reactor the gas 
composition varies along the reactor length. Therefore, a catalyst that is the optimum at 
the entrance of the reactor (exposed to 100% NH3) will not necessarily be the optimum 
at the exit of the reactor (low NH3 concentration, high H2 concentration). This rationale 
led some authors to suggest that, for an optimal ammonia decomposition process, it is 
necessary to grade the reactor with several metal catalysts that have different nitrogen 
binding energies, as is also the case in the optimal ammonia synthesis process (5;7). 
 
 
  
Fig. 1. Calculated turnover frequencies of ammonia synthesis/decomposition at 773 K, 
1 bar, 3:1 H2/N2, and 0.02, 20 (solid line), and 99% NH3 as a function of the reaction 
energy of dissociative N2 adsorption. The vertical line gives the dissociative nitrogen 
binding energy of the optimal ammonia decomposition catalyst when the ammonia 
concentration is 20%. At these conditions the gas phase equilibrium NH3 concentration 
is 0.13% (top). Experimental rates of ammonia decomposition over various catalysts at 
773 K, 1 bar, 3:1 H2/N2, and 20% NH3 (bottom). (reprinted with permission from ref. 5 
) 
 
In the quest for cheaper catalyst and inspired by the volcano plot, some authors have 
explored combinations of transition metals by computational tools and experimentally 
as well. A bimetallic catalyst (CoMo) was found to be more active than Ru in the 
ammonia synthesis reaction (5;6). The CoMo bimetallic catalyst for the synthesis 
reaction was predicted through the concept of periodic table interpolation, in which the 
binding energy of a mixed metal (alloyed) surface is taken as a linear combination of 
the binding energies of the parent metals. A metal with a high nitrogen binding energy 
(Mo) and one with a low binding energy (Co) were chosen to give a bimetallic alloy 
with an intermediate binding energy. This bimetallic combination supported on MCM-
41 was also used for NH3 decomposition finding an optimum Co/Mo atomic ratio of 
7/3(8). Based on the approach of periodic table interpolation, i.e. choosing two metals 
one below and another above Ru in the volcano plot (figure 1), several bimetallic 
combinations were tested in ammonia decomposition such as Fe-Co nanoparticles on 
carbon nanotubes(9), Mo-Ni on Al2O3(10) or Fe-Ni on Al2O3(11). Fe-Co nanoparticles 
on carbon nanotubes were active for NH3 decomposition and the stability of Co catalyst 
was significantly improved by alloying with Fe(9).  Fe-Ni on Al2O3 were tested under 
two gas compositions (figure 2), namely 1000 ppm NH3 balanced by inert (feed A) or 
1000 ppm NH3 balanced by 50% H2 in inert gas (feed B)(11). In the presence of H2 the 
conversion decreased significantly. This agrees with reported results about the 
inhibition of NH3 decomposition by H2 (12;13). At low temperatures and high hydrogen 
reaction has been found to be inhibited by hydrogen(14). In the literature, the inhibition 
has been attributed either to the re-hydrogenation of partially dehydrogenated species 
(NHX intermediates, x=1,2)(15;16) or to hydrogen blocking surface site that are 
necessary to ammonia decomposition(17). Although Ru catalyst outperformed Fe-
Ni/Al2O3 in the decomposition of H2-free NH3 (feed A), the catalytic activity of Fe-
Ni/Al2O3 catalyst was found to be comparable or even better to that of a more expensive 
Ru-based catalyst under H2 rich conditions (feed B) (11). This is in agreement with the 
shifting of the volcano curve depending on the feed composition shown in figure 1. The 
peak maximum shifts to the left with respect to the binding energy of Ru when NH3 
concentration decreases and H2 concentration increases. However, a NH3 feed diluted 
with H2 has been used in that work, which is only representative of the final part of the 
reactor where there is a high H2 partial pressure. The catalyst at the entrance of the 
reactor is exposed to an atmosphere devoid of H2. Using this feed composition, Ru 
significantly outperformed the bimetallic FeNi catalyst (figure 2a). 
The strong dependence of conversion on the H2 partial pressure makes also difficult to 
compare catalyst in the literature tested under different NH3 gas compositions. H2 is 
generated as soon as NH3 is decomposed and thus the partial pressure of H2 varies 
depending on the dilution of NH3 with inert in the feed. For the same reaction 
temperature, the testing using a feed of NH3 diluted in inert leads to larger NH3 
conversions than a more concentrated NH3 feed. The reason is that H2 partial pressure is 
lower using a diluted NH3 feed than a concentrated one for a certain NH3 conversion. 
Hence H2 inhibiting effect is lower when using a more diluted NH3 feed. Therefore, 
wrong conclusions can be derived if catalysts tested under different feed NH3 
compositions are compared. For testing catalysts aimed at a real application in H2 
generation, a gas feed consisting of pure NH3 seems more appropriate. 
 
     Fig. 2. The NH3 conversion is presented as a function of reaction temperature of a 
series of Ni-Fe/Al2O3 catalysts using two feed compositions:(a) Feed A, 1000 ppm NH3 
balanced by a 50%-50% mixture of Ar and He, 1 Bar; (b) Feed B, 1000 ppm NH3 
balanced by a 50%-50% mixture of Ar and H2, 1 Bar. The Ni concentrations of the 
active metal Ni-Fe alloys in the catalysts was 20 wt.%, and the metal loading was varied 
from 0 to 23 wt.% as indicated in the figure. For comparison, the conversion for a 
commercial 2 wt.% Ru/Al2O3 (same type of Al2O3 pellets) catalyst is also presented. 
For all catalysts, the test is performed on whole catalyst pellets. (reprinted with 
permission from ref.11 ) 
     
Using bimetallic catalyst, the concern about structural stability under reaction 
conditions always exist. Although some specific alloy catalyst may be stable(6), for 
many bimetallic alloys, one metal often segregates to the surface either to minimize the 
surface energy of the alloyed system or due to adsorbate-induced reconfiguration (18-
20). This may result in surface properties that are substantially different from the 
alloyed surface, and makes predictions from the periodic table interpolation method 
invalid. One possible solution is the preparation of layered bimetallic catalyst or core-
shell nanostructures. Vlachos et al.(21) used first-principles microkinetic modelling 
combined with density functional studies to identify suitable monolayer bimetallic 
(surface or subsurface) catalysts based on nitrogen binding energies. The Ni–Pt–Pt(111) 
surface, with one monolayer of Ni atoms residing on a Pt(111) substrate, was predicted 
to be a catalytically active surface. This was verified experimentally using temperature-
programmed desorption and high-resolution electron energy loss spectroscopy 
experiments. The TPD experiments indicate that a Ni–Pt–Pt catalyst may be more active 
than Ru one because of its lower nitrogen desorption temperature and a remarkably low 
dehydrogenation barrier, both of which were determined to be kinetically significant 
reaction steps. For this reaction to take place under steady-state conditions, both NHx 
decomposition and nitrogen desorption must occur. Their results show that NHx 
decomposition occurs at temperatures as low as 325 K and the onset for nitrogen 
desorption is at 560 K. Therefore, steady-state decomposition activity could occur at 
temperatures below 600 K. All these results highlight that it should be possible to 
design catalysts for NH3 decomposition active at lower temperatures than the state-of-
the-art catalyst. The synthesis of real catalyst guided by results of first-principles 
calculations and model systems will save research time and resources to achieve 
successful results. 
Another approach for the replacement of noble metal catalyst is the use of 
carbides(22;23) and nitrides(15;24;25) of transition metal. High surface area 
molybdenum carbide has shown high H2 production rate by NH3 decomposition. It was 
observed that there is a decrease of surface area due to formation of molibdenum 
nitride. The decrease in activity is proportionally lower than the decrease of surface area 
suggesting that molybdenum nitride may be even more active than the carbide. The 
challenge in this type of catalyst is to keep a high surface area stable under reaction 
conditions. 
 
2.2.Optimization of metal nanoparticles size 
The NH3 decomposition reaction is widely recognized to be a structure sensitive 
reaction. Ru has been the most studied metal as it is the most active catalyst. The 
sensitivity stems from the chemical reaction happening primarily on B5-type steps 
sites(26). These sites consist of an arrangement of three Ru atoms in one layer and two 
further Ru atoms in the layer directly above this at the monoatomic step on a Ru (0001) 
terrace as illustrated in figure 3. It is assumed that these sites have an intermediate 
binding energy with N, neither too strong nor too weak, maximizing the activity as 
occurring in the volcano representation for different metals. In previous reports, the 
maximum density of B5 sites, and hence maximum turnover frequency, was estimated 
theoretically to be in the range 1.8-2.5 nm (figure 3) (26-28). These theoretical 
investigations do not account for the interaction of Ru with the support and the 
possibility of particle shape varying with size. Rarog-Pilecka et al.(29) reported that the 
large nanoparticles of Ru (8 nm) exhibited TOFNH3 8-fold higher than the smaller 
nanoparticles (1.2 nm). Zheng et al.(30) tested Ru on Al2O3 with several particle sizes 
prepared by varying the Ru loading and claimed that the highest TOF for ammonia 
decomposition occurs at an intermediate particle size of 2.2 nm. Other authors claim 
that the maximum density of B5 sites is found between 3-5 nm for Ru on carbon 
catalyst(31). Vlachos et al.(32), using Ru on alumina with various particle sizes and 
shapes, found that the TOF also varies with the particle shape, achieving maximum 
TOF values for particles of 7 nm size and elongated shape. From all these works, it 
arises that the number of Ru B5 sites can serve as a criterion for the rational design of 
Ru particle size that maximizes TOF. The variation of optimum particle size for catalyst 
supported on different type of supports also seems to indicate that not only the density 
of B5 sites may play a role but also the support as discussed in next section. 
 
Figure 3.  Fraction of edge atoms and active sites on small Ru crystals relative to the 
total number of atoms as a function of crystal size. The numbers are obtained from 
crystal models (see insert) exposing only (0 0 1) and (1 0 0) hcp surface planes. The 
active sites are present at the (1 0 0) surface. They consist of five Ru atoms exposing a 
three-fold hollow hcp site and a bridge site close together (a B5-type site) where part of 
the atoms are edge atoms. This criterion is based on the structure of the active step site 
on the Ru(0 0 0 1) surface also shown. (reprinted with permission from ref. 26) 
 
The structure sensitivity of NH3 decomposition has also been described for Ni 
catalyst(33-36). Zhang et al.(37;38) found an optimal particle size of Ni around 2.3 nm. 
They attributed this to the higher concentration of B5 sites. Other authors(39;40), 
performing first principles calculations, suggested that the higher activity is governed 
by the appropriate ratio of Ni(111) to Ni(110) facets.  
Regarding bimetallic catalyst, the effect of particle size on catalytic activity has not 
been studied heretofore. It is envisaged that the size and structure of bimetallic catalyst 
will also influence the activity significantly as occurs for Ru and Ni catalyst. 
2.3. Optimization of support and nanoparticle environment 
Several supports have been used for Ruthenium in NH3 decomposition such as 
alumina(12;41;42), graphitized carbon(43;44), carbon nanotubes (CNT)(45), carbon 
nanofibers (CNF)(46) and, more recently, nitrogen-doped carbon nanotubes (N-
CNT)(47;48) or nanofibers (N-CNF)(49). Among those, Ru catalyst on porous 
graphitized carbon materials are generally recognized as the most active for ammonia 
decomposition (28;50). 
Au et al.(50-54) claimed that the conductivity of the support was a requirement for a 
highly active Ru catalyst. In this regard, it was reported a direct correlation between the 
graphitization degree of carbon materials and the activity(53;54). Chen et al.(46) 
employed CNFs and CNTs to support Ru catalyst and tested them in ammonia 
decomposition. Both catalysts exhibited similar average particle size. Despite the higher 
graphitization degree of CNT compare to CNFs, the catalyst supported on the later was 
more active than that on the former. This indicated that the graphitization degree alone 
is not enough to explain the enhanced activity of Ru catalyst. The higher activity of 
CNFs-supported catalyst could be attributed to the presence of electron-rich sites such 
as oxygen groups (phenolic, quinone), surface defects or unsaturated carbon atoms. The 
influence of acidic-basic character of the support on Ru catalysts activity has been also 
studied. It has been observed that the activity increased as the basicity of the support 
rises.(51;55) Ru supported on N-doped CNFs or CNTs have exhibited higher activity 
that their undoped counterparts(47-49) and figure 4b. This can be due to the electron 
donating properties of the nitrogen moieties. It was found a correlation between the 
quaternary nitrogen groups and the activity(49). In addition, the reduction degree of Ru 
nanoparticles was higher on the N-doped CNFs than on the undoped CNFs, which was 
attributed to the electron-donating ability of nitrogen incorporated into graphitic lattice.  
CNF and N-doped CNF as support for Ru, maintains Ru particles very well dispersed to  
particle sizes <1.5 nm even after reaction at temperatures as high as 750 K (figure 4a). 
According to results shown in section 2.2, this particle size is not probably the optimum 
size for NH3 decomposition. Therefore, it is still some opportunities for improvement 
by designing nanoparticles of larger particle size supported either on CNF or CNT. 
 
 
Figure 4. (a) STEM image and particle size distribution of Ru on N-doped CNF; (b) 
Steady state conversion as a function of reaction temperature for Ru catalyst supported 
on monoliths coated with CNF and different N-doped-CNFs: () Ru/CNF; () Ru on 
N-CNF grown with a gas mixture 25:75(NH3:C2H6) at 873K; () Ru on N-CNF grown 
with a gas mixture 50:50 (NH3:C2H6) ) at 873K; () Ru on N-CNF grown with a gas 
mixture 75:50 (NH3:C2H6) ) at 873K. Feed: 5% NH3 in Ar, GHSVNH3 = 35000 cm
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The supply of electron density to the metal can be also modulated by other electron-
donating species, usually called as promoters. Alkali promoters have been widely 
studied(43;56). Au and co-workers(45) systematically investigated the effects of the 
promoter cations (anion being NO3
-
) on the catalytic performance of Ru/CNTs where 
the size and shape of Ru nanoparticles were not changed by the modification. An order 
of the promotional effect was reported as K-Ru>Na-Ru>Li-Ru>Ce-Ru>Ba-Ru>La-
Ru>Ca-Ru>Ru, suggesting that the activity of the catalyst increases as the 
electronegativity of the promoter decays. 
The presented experimental results have underscored that the micro-environment of 
metal nanoparticles influences catalytic behavior. The interplay between conductivity of 
the support and the presence of electron-donating entities is beneficial for the transfer of 
electrons from the support to metal catalyst, thus enhancing the activity by facilitating 
the associative desorption of N, which is generally accepted as the rate determination 
step in ammonia decomposition. 
 
 
3. Optimization of reactor: scale-up to real application 
Conventional packed bed reactors are not adequate for on-site H2 production to feed a 
fuel cell, especially for portable applications, because of the physico-mechanical 
requirements such as high mechanical resistance and high thermal conductivity. 
Catalyst pellets are not likely to withstand mechanical shaking in real applications. 
Powdered catalysts may clump in a way that leads to fluid bypassing. Packed beds have 
usually high flow resistance increasing the pumping costs and poor heat transfer 
through powders can lead to unacceptably non-uniform temperature distributions(57). 
These drawbacks can be overcome by employing microstructured reactors. The small 
scale of microchemical devices have inherent advantages, including high heat and mass 
transfer coefficients and high surface area to volume ratios. Furthermore, 
microstructured reactors have significant operational advantages such as easiness of 
separation, portability, robustness and low resistance to flow.  Vlachos et al.(58) 
demonstrated by using computation fluid-dynamics simulation that microreactors led to 
higher conversions compared with those of tubular reactor and complete stirred tank 
reactor (CSTR). Catalytic microreactors made out of different materials have been 
tested for NH3 decomposition such as graphite-coated silica (44), silicon carbide (59) 
and alumina (41) microreactors (figure 5). The miniaturization enabled significant 
increase of activity per reactor volume (44). The problem of catalyst regeneration and 
recovery is a drawback of microreactors which should be carefully considered. Other 
option more affordable is using structured reactors (60). They have a characteristic 
channel diameter around 1 mm or more, which is slightly larger than that for 
microreactors. There are different types of structured reactors such as microfibers (61), 
monoliths (62) or foams (63). Up to our knowledge, the former two types have been 
used for this reaction but not the foams. 
 Figure 5. Examples of different types of microstructured reactors tested for NH3 
decomposition. (a, b) different magnifications of a microreactor corresponding to 
alumina housing and inner SiC Ru support, respectively (reprinted with permission 
from ref.59); (c, d) different magnifications of microreactor made out of porous anodic 
alumina (reprinted with permission from ref. 41) 
 
Lu and co-workers(64;65) developed a novel sintered microfibrous composite bed 
reactor using a papermaking technology. Microfibrous entrapped Ni/CeO2-Al2O3 
catalyst composite bed could provide a 4-fold reduction of catalytic bed volume and a 5-
fold reduction of catalytic bed weight (or 9-fold reduction of catalyst dosage), while 
leading to a reduction of reaction temperature of 100 K, compared to a packed bed with 
2 mm diameter Ni/CeO2-Al2O3 catalyst pellets. 
Ni nanoparticle supported on alumina coated monoliths were also tested in ammonia 
decomposition (66). The monolithic catalyst exhibited significantly higher conversion 
compared to the same catalyst crushed to particles and disposed as fixed bed (figure 6). 
The monolith reactor attained complete conversion at a temperature 100 K lower than 
the packed bed. The enhanced performance of the same catalyst in the form of 
structured reactor was ascribed to the more uniform flow distribution and absence of 
a b
c d
turbulence and backmixing. The uniformity in the flow distribution guarantees that 
there is no catalyst bypassed by the flow. Another reason can be that the more 
pronounced turbulence in packed bed leads to backmixing of produced H2, increasing 
the H2 partial pressure upstream in the catalyst bed. Thus, increasing H2 inhibition by 
reducing the probability of rehydrogenation of partially dehydrogenated NHx (x=1,2) 
species. This later argument should be corroborated by further studies. Several authors 
have observed experimentally that the presence of higher partial pressures of H2 leads to 
a decrease of conversion(5;11;13). Damaging of the catalyst nanoparticles after 
crushing is very unlikely as the cause of worse performance. The monolith brook very 
easily. Therefore, the crushing was performed very gently using a manual pestle and a 
mortar.  
 
Figure 6. Comparison of the light-off curves of the catalysts conformed to different 
spatial configurations: Ni/Al2O3-coated cordierite monolith (solid line), fixed bed of 
Ni/Al2O3-coated cordierite monolith crushed to particles smaller than 200 μm (dashed 
line). Total flow: 100 ml/min of 100% NH3. (reprinted with permission from ref. 66 ) 
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 The inhibition by produced H2 makes that the conversion gain is only marginal at the 
last part of an integral reactor, where the NH3 conversion is approaching to 100%. This 
also calls for an optimisation of the reactor length and space velocity. Figure 7 shows 
the influence of reactor length and space velocity on the average rate of H2 generation 
per catalyst weight for a monolithic reactor. For a certain space velocity, all the curves 
show a region of linear increase of H2 production rate with temperature and then the 
curve tends to level off when conversion approaches 100%. Comparing different space 
velocities, the H2 production rate generally increases as the space velocity increases. 
This can be explained because the lower the space velocity the higher the H2 partial 
pressure profile along the reactor length, leading to larger inhibition by H2 and thus 
smaller specific activities. Therefore, from the point of view of H2 productivity, it is 
better to work at the highest space velocities as possible. However, complete conversion 
is not achieved under these conditions making necessary the implementation of a 
system for retaining and recycling unconverted NH3. Therefore, to determine which 
process conditions (reactor length, space velocity) are preferred, an economic evaluation 
of the whole process should be performed for each specific case. 
 Figure 7. Comparison of the dependence of specific average reaction rate with 
temperature for several space velocities. Empty symbols represent experiments varying 
the flow rate and the filled ones varying the monolith`s length. ( ) 9000 cm
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Another option to avoid the inhibition of NH3 decomposition by produced H2 and thus 
increase conversion per one pass is to introduce an intermediate stage to remove the 
produced H2 or the use of a H2-selective membrane. The use of membrane reactor has 
been reported for NH3 decomposition of diluted(67;68) or concentrated(69) ammonia 
streams. Higher conversions to H2 were claimed when the H2-separation membrane is 
employed. The use of membranes, some of them made of Pd, makes the process more 
550 600 650 700 750 800 850 900 950 1000
0
15
30
45
60
75
90
105
120
A
v
e
ra
g
e
 H
2
 p
ro
d
u
c
ti
o
n
 r
a
te
 
[m
m
o
l 
H
2
(g
 N
i/
A
l)
-1
 m
in
-1
]
Temperature (K)
complex and very expensive. Therefore, very substantial improvements should be 
demonstrated to make membrane-based technology competitive for this reaction. 
 
 
 
Conclusions 
A holistic approach to the rational catalyst design for NH3 decomposition is presented 
here. This approach spans over different length and complexity scales, from the active 
metal nanoparticle to the reactor design. At the active phase scale, volcano theoretical 
models predict that bimetallic transition metal nanoparticles are the adequate cost-
effective candidates to substitute the expensive Ru catalyst. Experiments and modelling 
using monometallic catalyst demonstrated that reaction is structure sensitive, that is, 
there is an optimum particle size that maximizes turnover rate. This particle 
size/structure optimization is still lacking for bimetallic particles and more research 
would be needed. It has been observed that the combination of metals leading to 
maximum conversion depends on NH3:H2 ratio in the feed. Likewise, it is very 
important to avoid comparing catalyst tested under different feed compositions and 
contact times because these factors have a profound effect on conversion. Another 
implication of this is that a catalyst composition exhibiting high activity at differential 
conditions of a laboratory set-up does not necessarily lead the best performance when 
scaling up to an integral reactor since the gas composition varies along the length of the 
reactor. Creative solutions to optimise the performance would be to vary the metal 
catalyst composition along the reactor length adequating it to the gas composition in 
each reactor position. At a medium scale, the best surrounding environment for metal 
nanoparticles is a conductive support with some electron-donating species that are able 
to supply electronic density to the metal nanoparticles. At the macroscale, microreactors 
or structure reactors are superior compared with the packed bed due to its higher electric 
and thermal conductivity, portability, easiness of H2 removal from catalyst, absence of 
backmixing and uniform flow distribution. The research performed so far in this 
reaction has offered researchers guidelines for rational catalyst design at different length 
scales. This perspective paper is expected to have shown that the optimization must be 
carried out at different length scales a concerted manner to pave the way to real 
application. Otherwise, neglecting optimization at one length scale can spoil the overall 
performance of a catalyst optimized at other length scales.  
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